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Abstract
Background: Cell-surface receptors play essential roles in anthrax toxin action by providing the toxin with a high-affinity
anchor and self-assembly site on the plasma membrane, mediating the toxin entry into cells through endocytosis, and
shifting the pH threshold for prepore-to-pore conversion of anthrax toxin protective antigen (PA) to a more acidic pH,
thereby inhibiting premature pore formation. Each of the two known anthrax toxin receptors, ANTXR1 and ANTXR2, has an
ectodomain comprised of an N-terminal von Willebrand factor A domain (VWA), which binds PA, and an uncharacterized
immunoglobulin-like domain (Ig) that connects VWA to the membrane-spanning domain. Potential roles of the receptor Ig
domain in anthrax toxin action have not been investigated heretofore.
Methodology/Principal Findings: We expressed and purified the ANTXR2 ectodomain (R2-VWA-Ig) in E. coli and showed
that it contains three disulfide bonds: one in R2-VWA and two in R2-Ig. Reduction of the ectodomain inhibited functioning
of the pore, as measured by K
+ release from liposomes or Chinese hamster ovary cells or by PA-mediated translocation of a
model substrate across the plasma membrane. However, reduction did not affect binding of the ectodomain to PA or the
transition of ectodomain-bound PA prepore to the pore conformation. The inhibitory effect depended specifically on
reduction of the disulfides within R2-Ig.
Conclusions/Significance: We conclude that disulfide integrity within R2-Ig is essential for proper functioning of receptor-
bound PA pore. This finding provides a novel venue to investigate the mechanism of anthrax toxin action and suggests new
strategies for inhibiting toxin action.
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Introduction
A common way for pathogenic bacteria to defend themselves
against the host’s immune system is to deliver a toxin into the
cytoplasm of host cells and disrupt key steps of metabolism. Most
intracellularly acting toxins are bipartite entities, in which one
part, the B (binding) moiety, binds to a cell surface receptor,
hijacks the receptor-mediated endocytosis pathway, and facilitates
delivery of the other part, the A (catalytic) moiety, to the cytosol
[1]. Study of the roles of receptors in toxin action is of interest in
understanding bacterial pathogenesis and in developing novel
therapeutics against infection.
Anthrax toxin is a tripartite system, composed of two catalytic
moieties, edema factor (EF) and lethal factor (LF), and a receptor-
binding/pore-forming moiety, protective antigen (PA). PA
(83 kDa) binds to cell-surface receptors and is cleaved by furin
or a furin-like protease to generate an active, 63-kDa form (PA63)
[2]. PA63 oligomerizes into a heptameric or octameric [3],
receptor- bound prepore, which contains high-affinity binding
sites for EF and LF[4]. The toxin-receptor complexes are
internalized by receptor-mediated endocytosis, and the prepore
moiety undergoes an acidic pH-dependent conformational
rearrangement within the endosome to form a cation-selective,
transmembrane pore [5]. The PA pore mediates translocation of
EF and LF across the endosomal membrane into the cytosol,
where, EF, an 89-kDa calmodulin-dependent adenylate cyclase,
elevates levels of cAMP [6], and LF, a 90-kDa zinc protease,
inactivates mitogen-activated proteins kinase kinases [7].
Two cellular receptors for PA have been identified: ANTXR1
[8] and ANTXR2 [9]. Recently, it has been shown that the
lethality of anthrax toxin for mice is primarily mediated by
ANTXR2 and that ANTXR1 plays only a minor role [10]. Both
receptors are widely expressed type-I transmembrane proteins,
which exhibit a high degree of similarity; each comprises an
extracellular domain (ectodomain), a single-pass transmembrane
domain, and a cytoplasmic domain (Figure 1A). PA binds to a
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terminus of the ectodomain. While the physiological functions of
the receptors have not been fully elucidated, they bind to
extracellular matrix components and are associated with angio-
genesis [11–13]. Mutations in the ANTXR2 gene are linked to
two human autosomal recessive diseases, juvenile hyaline fibro-
matosis and infantile systemic hyalinosis [14–17].
A conserved metal ion-dependent adhesion site (MIDAS) within
R2-VWA, the VWA domain (residues 38–218) of ANTXR2,
binds PA with high affinity (Kd,170 pM when liganded by Mg
2+)
(Figure 1B) [18–20]. Binding to R2-VWA involves not only
domain 4 (receptor binding domain) of PA, but also domain 2
(pore-forming domain) [18]. The 2b2–2b3 loops (residues 303–
322) of the domains 2 of heptameric PA prepores move to the base
of the structure during the low pH-induced conformational
rearrangement and form a 14-strand transmembrane b-barrel
[21]. Binding of R2-VWA to the PA prepore shifts the pH
threshold of prepore-to-pore conversion to a more acidic pH range
[20,22]. Whole-cell voltage-clamp measurements of PA pore
current have shown that ANTXR2 mediates PA pore formation
Figure 1. ANTXR2 ectodomain is composed of R2-VWA and R2-Ig. A. Schematic of ANTXR2. ANTXR2 is composed of R2-VWA (VWA, 38–218)
and R2-Ig (Ig, 219–318), a single-pass transmembrane domain (TM, 319–343) and a cytoplasmic domain (Cyto, 344–489). B. The crystal structure of R2-
VWA domain (1SHU) as displayed in Swiss-PDB-Viewer. Residues Cys175, the Cys39–Cys218 disulfide bond, and Mn
2+ ion of MIDAS are shown and
labeled. C. Sequence alignment of the ectodomains of ANTXR1 (R1) and ANTXR2 (R2). The seven conserved Cys residues are highlighted and
numbered in R2. Identical residues are labeled with asterisk (*).
doi:10.1371/journal.pone.0010553.g001
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to acidic conditions [23].
While R2-VWA has been well characterized, the structure and
function of the domain (residues 219–318) downstream of R2-VWA
within the extracellular portion of ANTXR2 have not yet been
addressed. A reverse position-specific BLAST (RPS-BLAST) search
against the conserved domain database shows that this domain is a
member of the immunoglobulin (Ig) superfamily (pfam05587, here
termed R2-Ig) (Figure 1A). Within the ANTXR2 ectodomain,
there are seven Cys residues, with three on R2-VWA and four on
R2-Ig (Figure 1C). These residues are highly conserved among the
homologues of anthrax toxin receptors. Our current study indicates
that the integrity of the disulfide bonds in R2-Ig is essential for
proper functioning of the receptor-bound pore, and presumably for
receptor-mediated anthrax toxin action.
Materials and Methods
Cell Culture and Media
An anthrax toxin receptor-deficient CHO-R1.1 cell line that
stably expresses ANTXR2-GFP (termed CHO-ANTXR2) was a
gift from John A. T. Young [8,9]. The cells were grown in Ham’s
F-12 medium supplemented with 10% calf serum, 2 mM
glutamine, 500 units/ml penicillin, 500 units/ml streptomycin
sulfate, and 100 units/ml G418, under a humidified atmosphere
with 5% CO2.
Plasmid Construction and Protein Purification
The cDNA encoding residues 38–318 of ANTXR2 was
amplified by PCR and inserted into a pMAL-p2x vector (NEB)
at Xho I and Hind III sites with a His6-tag at the C-terminus
flanked by a thrombin cleavage site. The construct expresses a
fusion protein, MBP-ANTXR2(38–318)-His6. The fusion protein
was co-expressed with a bacterial disulfide isomerase, DsbC (a
kind gift from Jon Beckwith), in the periplasm of bacterial strain
BL21(DE3). Bacterial cells were inoculated in a 10 L-fermentor in
a rich medium at 37uC until OD600 reached ,10. The
temperature was shifted to 16uC and expression of the fusion
protein and DsbC were induced with 0.1 mM IPTG and 0.2%
arabinose, respectively, for overnight. The bacterial cells were
harvested, and the periplasmic fraction was prepared by osmotic
shock as previously described [20]. The fraction was passed
through a Ni-column and eluted with an imidazole gradient. The
eluted protein was concentrated, and the soluble monomeric form
of the fusion protein was further purified by gel filtration on a
Superdex-200 column. Subsequently, the MBP- and His6- tags
were removed by incubating the protein with Factor Xa and
thrombin, respectively. The recombinant PA and R2-VWA were
expressed and purified as described [20].
Estimation of free–SH group on R2-VWA-Ig with Ellman’s
reagent
Ellman’s reagent (5,59dithiobis(2-nitrobenzoic acid); DTNB;
500 mM) was incubated with 10 mM of R2-VWA-Ig (WT) or R2-
VWA-Ig (C175A) in 6 M guanidinium chloride and 0.1 M
TrisHCl (pH 8.0). The absorbance at 412 nm was recorded in a
spectrophotometer. Similarly, L-Cysteine at various concentra-
tions (0, 2.5, 5, 10, 20, 40, 80, 160 mM) was incubated with
500 mM of Ellman’s reagent in 6 M guanidinium chloride and
0.1 M TrisHCl (pH 8.0), and the absorbance at 412 nm was
recorded. These data were used to plot a standard curve. The
concentration of free–SH group ([-SH]) in the protein samples was
calculated based on the standard curve, and the number of–SH
group per molecule was calculated as [-SH]/[protein].
Gel Shift Assay for PA-Receptor Binding
PA83, R2-VWA, and R2-VWA-Ig were mixed (receptor/PA
ratio 2:1), as indicated, in 20 mM Tris-HCl (pH 8.5), 150 mM
NaCl, 1 mM MgCl2, with or without 10 mM TCEP, at room
temperature for 30 min. The samples were loaded onto 4–20%
acrylamide, Tris-glycine gels (Invitrogen). The running buffer was
25 mM Tris-base, 192 mM glycine. The gels were stained with
Coomassie blue. Note: treating with either DTT or TCEP before
or after receptor binding to PA gave the same results. Thus,
neither the choice of the reducing agent nor the timing of addition
of the reducing agent had any effect on the results.
SDS-Resistant PA63 Oligomer
To assay PA prepore to pore transition in solution, PA63
heptameric prepore, R2-VWA, and R2-VWA-Ig were mixed
(receptor/PA ratio 2:1), as indicated, in 20 mM Tris-HCl
(pH 8.5), 150 mM NaCl and 1 mM MgCl2, with or without
10 mM TCEP, at room temperature for 30 min. The solution was
acidified by the addition of 1/10 volume of 1 M sodium acetate
(pH 5.0) and incubated for 10 min. Samples were exposed to
1.25% SDS for 20 min and electrophoresed on SDS-PAGE, and
the bands were visualized after Coomassie staining. To assay PA
prepore to pore transition on the plasma membrane, CHO-
ANTXR2 cells were incubated with PA63 prepore (10 mg/ml),
with or without 10 mM DTT or TCEP, for 1 h at 4uC. The cells
were washed with cold PBS and incubated in 150 mM NaCl,
20 mM Mes, 5 mM gluconic acid (pH 5.0) for 10 min at 4uC. The
cells were then harvested and exposed to 1.25% SDS at 100uC for
10 min. The samples were subjected to SDS-PAGE followed by
Western blotting with a goat anti-PA antibody (List Biolab), mouse
anti-goat horseradish peroxidase (Santa Cruz), and SuperSignal
Western detection reagent (Pierce).
Liposome Preparation
Liposomes were prepared as previously described [24]. Briefly,
DOPC in chloroform(Avanti Polar Lipids) was dried under N2 gas to
form a lipid film, followed by vacuum for 3 h to remove residual
solvent. The dried lipid film was rehydrated with buffer to form
multilamellar vesicles and subjected to six freeze-thaw cycles and
extrusion through a 200-nm pore size polycarbonate filter (Nucleo-
pore) in a mini extruder (Avanti Polar Lipids). The protocol yielded
large unilamellar vesicles with an average diameter of 150–200 nm.
K
+ Release From Liposomes and Cells
Liposome containing 150 mM KCl, 10 mM Hepes (pH 7.4)
were transferred into 150 mM NaCl, 20 mM Tris-HCl (pH 8.5)
by buffer exchange. The liposome was added to K
+ release buffer
(50 mM sodium acetate, 150 mM NaCl, pH 5.0) and after 1 min,
PA prepore (3 nM) complexed with either R2-VWA or R2-VWA-
Ig (40 nM) was added. The receptor proteins were treated with
10 mM DTT or TCEP before or after incubating with PA
prepore. The solution was stirred continuously with a magnetic
stirrer, and K
+ release was monitored with a K
+-selective electrode
(Orion Research).
PA-Mediated LFN Translocation Across the Plasma
Membrane
As described [25,26], CHO-ANTXR2 cells were incubated with
PA (10 mg/ml) for 2 h at 4uC, with or without the reducing agents.
Cells were then washed with cold PBS to remove unbound protein,
and
35S-LFN, produced from TNT coupled reticulocyte lysate
system (Promega), was added. The cells were then incubated for 2 h
at 4uC, with or without the reducing agents. The unbound
35S-LFN
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35S-LFN translocation was triggered
by acidification of the cells with pH 5.0 buffer [150 mM NaCl,
20 mM Mes, 5 mM gluconic acid (pH 5.0)] at 37uCf o r2m i n s .
Pronase (2 mg/ml) was added to remove LFN remaining on the cell
surface after translocation. The cells were harvested, and the lysates
were applied to SDS-PAGE followed by autoradiography.
Results
Purification of recombinant ANTXR2 ectodomain, R2-
VWA-Ig, from E. coli
To express soluble, functional ectodomain of ANTXR2 in E.
coli and facilitate its purification, we engineered a construct that
expressed a MBP-ANTXR2(38–318)-His6 fusion protein in the
bacterial periplasm, where disulfide bond formation is favored.
Co-expression of this construct with a bacterial disulfide isomerase,
DsbC, at low temperature increased the yield of soluble protein.
After affinity purification through a Ni-column, the MBP- and
His6- tags were removed with Factor Xa and thrombin,
respectively. The purified protein ran at ,30 kDa on a size
exclusion column (Figure 2A) and on SDS-PAGE (Figure 2B),
consistent with the calculated molecular weight of a monomer.
The amino acid sequence of the purified protein was confirmed by
MALDI-TOF analysis, with .93% peptide recovery (data not
shown). When DTT (final concentration, 10 mM) was added to
the sample, the protein migrated more slowly in SDS-PAGE,
consistent with the reduction of intra-molecular disulfide bonds
(Figure 2B). The ANTXR2 ectodomain has seven Cys residues in
total with three on R2-VWA and four on R2-Ig (Figure 1C). In
the crystal structure of R2-VWA, Cys39 and Cys218 are linked by
a disulfide bond, while Cys175 is unpaired and buried within the
structure (Figure 1B) [18,19]. Subsequently, an assay with
Figure 2. Purified ANTXR2 ectodomain, R2-VWA-Ig, is a soluble monomeric protein containing three disulfide bonds. A. Gel filtration
of the purified R2-VWA-Ig. R2-VWA-Ig was expressed and purified as a fusion protein with an N-terminal MBP tag and a C-terminal His6-tag. After
removal of the MBP- and His6- tags, R2-VWA-Ig ran as a monomer (,30 kDal) in a Superdex-75 column in 20 mM TrisHCl (pH 8.0) and 150 mM NaCl.
B. SDS-PAGE of the purified R2-VWA-Ig. The purified R2-VWA-Ig was treated with or without 10 mM DTT in SDS sample buffer, and run on SDS-PAGE.
C. left panel, cysteine standard curve; at OD412 was plotted after L-cysteine at various concentrations was incubated with 500 mM DTNB in 6 M
guanidium HCl and 0.1 M TrisHCl, pH 8.0; right panel, 10 mM of R2-VWA-Ig (WT) or R2-VWA-Ig (C175A) was incubated with 500 mM DTNB in 6 M
guanidium HCl and 0.1 M TrisHCl, pH 8.0. OD412 was recorded and –SH/molecule was calculated based on the cysteine standard curve and protein
concentration.
doi:10.1371/journal.pone.0010553.g002
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20 mM Tris-HCl (pH 8.5), 150 mM NaCl, 1 mM MgCl2, in the presence or absence of 10 mM TCEP. The samples were subjected to native gel
electrophoresis followed by Coomassie blue staining.
doi:10.1371/journal.pone.0010553.g003
Figure 4. Disulfide reduction did not affect formation of SDS-resistant PA63 oligomers at low pH. A. PA prepore, R2-VWA, and R2-VWA-
Ig were mixed as indicated (receptor/PA ratio is 2/1) in 20 mM Tris-HCl (pH 8.5), 150 mM NaCl, 1 mM MgCl2, in the presence or absence of 10 mM
TCEP. Acidification was initiated by addition of 1/10 volume 1 M sodium acetate (pH 5.0). The samples were subjected to SDS-PAGE and stained with
Coomassie blue. B. PA prepore was incubated at 4uC with CHO-ANTXR2 cells in the presence or absence of reducing agents (10 mM DTT or TCEP as
indicated). The cells were washed to remove unbound PA, and acidification was initiated by addition of a pH 5.0 buffer into the cell cultures. After
10 min at 4uC the cells were harvested, and lysates were applied to SDS-PAGE, followed by western blotting with anti-PA antibody.
doi:10.1371/journal.pone.0010553.g004
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content of R2-VWA-Ig against a series of Cys amino acid
standards (Figure 2C). The results suggested that wild type R2-
VWA-Ig contains one reactive–SH group per molecule, while the
mutant R2-VWA-Ig (C175A) has none. Therefore, the four Cys
residues within the R2-Ig domain (C230, C255, C279, and C315)
presumably form two disulfide bonds. Replacing the Cys residues
in R2-Ig with Ala residues resulted in expression of the
ectodomain in the form of inclusion bodies in E. coli (data not
shown).
Reduction of the ectodomain does not affect its ability to
bind PA
R2-VWA and R2-VWA-Ig were tested in a gel shift assay to
assess their ability to bind to PA under oxidizing and reducing
conditions. Without reducing agent, both R2-VWA and R2-
VWA-Ig bound PA, as evidenced by a shift in PA migration in
native gel electrophoresis (Figure 3). Treatment with reducing
agent did not affect binding of R2-VWA or R2-VWA-Ig to PA,
even when the treatment was initiated before incubation with PA.
TCEP-treated R2-VWA-Ig ran as a smear, suggesting formation
of heterogeneous oligomers of R2-VWA-Ig during electrophoresis,
and the complexes with PA showed a similar, smeared pattern.
The disulfide bond Cys39-Cys218 in R2-VWA had been shown
earlier not to be required for PA binding, given that a truncated
variant of R2-VWA (residues 40–217, without the disulfide bond)
had nearly identical crystal structure and affinity for PA, as wild
type R2-VWA (residues 38–218, with the disulfide bond) [18,20].
We conclude that the integrity of disulfide bonds in the R2-VWA-
Ig is not required for receptor-PA binding.
Without reducing agents the recombinant R2-VWA-Ig protein
ran as a single monodisperse peak in gel filtration and migrated as
a single band in SDS-PAGE (Figure 2A and B). However, the
protein appeared as a doublet in native gel electrophoresis
(Figure 3). The basis of this molecular heterogeneity in native
gel electrophoresis is not clear and may be related to disulfide
isomerization in R2-Ig.
Reduction does not affect formation of SDS-resistant
PA63 oligomers
Coincident with the conformational transition of heptameric
prepore to pore, triggered by acidic pH, the soluble oligomeric
PA63 prepore is transformed into an SDS-resistant form
[22,27,28], and this transformation may be used to monitor the
transition. While no SDS-resistant PA63 oligomer was observed at
pH 8.5, prepore alone, prepore complexed with R2-VWA, and
prepore complexed with R2-VWA-Ig were converted to SDS-
resistant PA63 oligomers at pH 5.0 in the presence or absence of
reducing agent (TCEP), as determined by SDS-PAGE
(Figure 4A). In addition, we tested whether reduction of disulfides
of ANTXR2 affected the conformational transition of prepore to
pore on the plasma membrane. We used an anthrax toxin
receptor-deficient CHO cell line that stably expressed ANTXR2-
EGFP (CHO-ANTXR2) [9]. PA prepore was incubated with the
cells at 4uC to minimize receptor-mediated endocytosis and
maintain PA prepore at the cell surface. Addition of acidic buffer
(pH 5.0) to the medium triggered the prepore to pore transition, as
evidenced by formation of SDS-resistant PA63 oligomers
(Figure 4B), and this transition was unaffected by DTT or
TCEP. Data in Figure 5 imply that disulfides in ANTXR2-EGFP
were in fact reduced under the conditions employed. Note that the
reducing agents had no effect on PA binding to the ANTXR2 on
the cell surface (Figure 4B).
Disulfide reduction of R2-VWA-Ig inhibits the release of
K
+ through the PA pore
As a test of pore function we measured release of K
+ through
PA pores formed in liposomal membranes with PA prepore bound
to R2-VWA-Ig (Figure 5A). In an earlier communication we
showed that binding of R2-VWA to the prepore inhibited
aggregation of the pore complexes in solution at low pH, and
thereby promoted partitioning of PA into liposomal membranes
and formation of ion-permeable pores [24]. Consistent with the
previous result, prepore complexed with R2-VWA (PA/R2-VWA)
induced greater release of K
+ than prepore alone. In the absence
of reducing agent, prepore complexed with R2-VWA-Ig (PA/R2-
Figure 5. Disulfide reduction of R2-VWA-Ig inhibited release of
K
+.A . PA prepore, R2-VWA, and R2-VWA-Ig were incubated as indicated
(receptor/PA ratio=2/1) in 20 mM Tris-HCl (pH 8.5), 150 mM NaCl,
1 mM MgCl2, in the presence or absence of 10 mM TCEP. Release of K
+
ions from KCl-charged liposomes was monitored with a K
+-selective
probe in the solution. B. PA prepore (10 mg/ml) was incubated at 4uC
with CHO-ANTXR2 cells, with various concentrations of TCEP as
indicated. The cells were washed with 20 mM Tris-HCl (pH 8.0) and
150 mM NaCl to remove unbound PA, and acidification was initiated by
addition of a pH 5.0 buffer into the cell cultures at 4uC for various times.
The supernatants were collected and the content of K
+ ion was
measured by the K
+-selective probe and read with a pH meter as mV.
DNI, a PA dominant negative mutant that is defective in pore formation,
served as negative control.
doi:10.1371/journal.pone.0010553.g005
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+ to a similar level as prepore complexed with
R2-VWA. However, reducing agent significantly inhibited K
+
release by PA/R2-VWA-Ig, but not by PA/R2-VWA. Note that
in the presence of TCEP, K
+ release by PA/R2-VWA-Ig was even
lower than that by prepore alone. This finding indicates that
reduction of disulfide bonds in the R2-Ig domain, but not that in
R2-VWA, inhibits release of K
+ through PA pore.
We also tested the effect of the reducing agents on K
+ release
through PA pores formed on the plasma membrane of CHO-
ANTXR2 cells (Figure 5B). After prepore was bound to
ANTXR2 on the cell surface, acidification induced K
+ release
from the cells in a time-dependent manner. DNI, a double PA
mutant (K397D, D425K) known to be strongly defective in pore
formation [29,30], failed to induce K
+ release under the same
conditions. K
+ release by cell-bound wild-type prepore was
inhibited by TCEP in a dose- and concentration-dependent
manner, even if the cells were treated with the reducing agent after
PA binding. Thus, disulfide reduction of the R2-Ig domain
inhibited the release of K
+ through PA pore both in liposomes and
in a cellular system.
Disulfide reduction inhibits PA-mediated LFN
translocation across the plasma membrane
The effects of DTT and TCEP on K
+ release through PA pore
prompted us to test effects of receptor disulfide reduction on
anthrax toxin-mediated cytotoxicity. In a previously developed
assay, PA mediates translocation of LFN-DTA, a fusion protein
composed of LF PA-binding domain and diphtheria toxin A
domain, across the endosomal membranes to the cytosol, where
LFN-DTA inhibits protein synthesis ([
3H]-leucine incorporation)
[31,32]. However, this assay was hampered by the fact that the
reducing agents alone (TCEP and DTT) significantly inhibited
protein synthesis under the assay conditions used. Thus, as an
alternative we tested whether the reducing agents inhibited PA
pore-mediated LFN translocation across the plasma membrane.
We used a pronase protection assay [25,26]. Briefly,
35S-LFN is
bound to PA prepore on the cell surface, and upon exposure of the
cells to low pH, the labeled protein translocates across the plasma
membrane and becomes inaccessible to added pronase. As shown
in Figure 6, both reducing agents strongly inhibited PA-mediated
LFN translocation. Note that, without pronase, equivalent
amounts of LFN were detected in the cell lysate with or without
the reducing agents, indicating that LFN binding to PA-receptor
complexes on the cell surface was not compromised by reduction
of the receptor disulfides.
Discussion
PA binds to cell surface receptors, hijacks receptor-mediated
endocytosis pathways, and forms a protein conductive pore on the
endosomal membrane. ANTXR2 provides the toxin with a high-
affinity anchor and self-assembly site on the plasma membrane
and guides its entry into cells; and further the receptor functions as
a molecular clamp that shifts the pH threshold of prepore-to-pore
conversion to a more acidic pH, thereby preventing premature
pore formation before the toxin reaches a suitable compartment.
In the present study we have shown that reduction of the
ectodomain of the receptor blocks proper functioning of the PA
pore. This finding suggests that anthrax toxin action is sensitive to
redox conditions and raises the possibility that toxin action may be
modulated by reductants to which it is exposed during endocytosis
and intracellular trafficking.
A conserved domain search showed that the ectodomain of
ANTXR2 contains two distinct domains, R2-VWA and R2-Ig.
Based on the crystal structure of R2-VWA and measurements with
Ellman’s reagent, we predict that R2-VWA-Ig contains three
disulfide bonds—one in R2-VWA and two in R2-Ig—plus a
buried free Cys, Cys175, in R2-VWA. We found in the absence of
reducing agents that R2-VWA-Ig, like isolated R2-VWA, bound
PA (Figure 3) and enhanced the release of K
+ from liposomes
(Figure 5A). R2-VWA-Ig retained the ability to bind to PA in the
presence of reducing agents (Figure 3), consistent with the fact
that the disulfide bond C39-C218 in R2-VWA is not required for
PA binding [19,20]. These data support our predicted distribution
of disulfides in the two domains and suggest that the VWA domain
behaves the same within the context of R2-VWA-Ig as it does as
an isolated domain.
We found a strong inhibitory effect of reduction of R2-VWA-Ig
on PA-mediated release of K
+ from liposomes, whereas PA
binding and conversion of bound prepore to the SDS-resistant
state were insensitive to this modification. Furthermore, treatment
of CHO-ANTXR2 cells with reducing agents blocked PA-
dependent K
+ release and PA-dependent translocation of LFN
across the plasma membrane. Reduction did not compromise LFN
binding to PA-receptor complexes on the cell surface, suggesting
that the inhibition of PA-dependent K
+ release and translocation
Figure 6. Reducing agents inhibited PA-mediated LFN translocation across the plasma membrane. PA prepore was incubated with CHO-
ANTXR2 cells at 4uC followed by the addition of
35S-LFN to the cells. The cells were treated with 10 mM DTT or TCEP, as indicated. Translocation was
triggered by addition of a pH 5.0 buffer to the cells. The cells were either directly lysed (pronase2) or treated with pronase (pronase+) followed by
lysis.
35S-LFN was detected by autoradiography.
doi:10.1371/journal.pone.0010553.g006
Anthrax Toxin Receptor
PLoS ONE | www.plosone.org 7 May 2010 | Volume 5 | Issue 5 | e10553resulted directly from reduction of disulfides in cellular ANTXR2
ectodomain.
How might reduction of disulfides in R2-VWA-Ig, and
specifically in the R2-Ig domain, block pore function? Presumably
reduction relieves conformational constraints on R2-Ig that
prevent unfolding. Concurrent unfolding of the multiple copies
of R2-VWA-Ig receptor bound to prepore might allow any of
several possible inhibitory interactions. Because PA contains no
Cys residues, there is no possibility of anomalous disulfides being
formed between PA and reduced R2-VWA-Ig. However,
noncovalent interactions between reduced receptor and PA, either
during or following the conformational transition from the prepore
to the pore, could interfere with formation of functional pore or its
insertion into a membrane. Alternatively, interactions among the
several reduced receptors bound to the pore, including intermo-
lecular disulfide formation and/or noncovalent interactions, could
generate a physical barrier to insertion of the pore into the
membrane. It seems unlikely that the pore would form abortively
due to an increase in the distance between the prepore and the
membrane allowed by receptor unfolding, in view of the inhibitory
effect on K
+ release from liposomes, where the assay involves
conformational transition of the R2-VWA-Ig:prepore complexes
in solution.
Current concepts of the redox potentials within intracellular
compartments support the notion that the endosomal lumen could
be either oxidizing or reducing, depending on various endocytic
pathways [33,34]. It is believed that anthrax toxin-ANTXR2
complex traffics to late endosomes, where low-pH induces
conformational transition of PA prepore-to-pore and translocation
of LF/EF to the cytosol [35,36], but which endocytic pathway
ANTXR2 mediates the trafficking and the roles of cellular redox
regulators in toxin action are not clear. The present study provides
a novel venue to investigate the mechanism of anthrax toxin action
and suggests novel strategies for anthrax toxin inhibition.
Acknowledgments
We thank Robin Ross and the NERCE Biomolecule Production Core staff
for assistance with protein production.
Author Contributions
Conceived and designed the experiments: JS RJC. Performed the
experiments: JS. Analyzed the data: JS RJC. Wrote the paper: JS RJC.
References
1. Barth H, Aktories K, Popoff MR, Stiles BG (2004) Binary bacterial toxins:
biochemistry, biology, and applications of common Clostridium and Bacillus
proteins. Microbiol Mol Biol Rev - 68: 373–402, table of contents.
2. Molloy SS, Bresnahan PA, Leppla SH, Klimpel KR, Thomas G (1992) Human
furin is a calcium-dependent serine endoprotease that recognizes the sequence
Arg-X-X-Arg and efficiently cleaves anthrax toxin protective antigen. J Biol
Chem 267: 16396–16402.
3. Kintzer AF, Thoren KL, Sterling HJ, Dong KC, Feld GK, et al. (2009) The
protective antigen component of anthrax toxin forms functional octameric
complexes. J Mol Biol 392: 614–629.
4. Mogridge J, Cunningham K, Lacy DB, Mourez M, Collier RJ (2002) The lethal
and edema factors of anthrax toxin bind only to oligomeric forms of the
protective antigen. Proc Natl Acad Sci U S A 99: 7045–7048.
5. Collier RJ, Young JA (2003) Anthrax toxin. Annu Rev Cell Dev Biol 19: 45–70.
6. Leppla SH (1982) Anthrax toxin edema factor: a bacterial adenylate cyclase that
increases cyclic AMP concentrations of eukaryotic cells. Proc Natl Acad Sci U S A
79: 3162–3166.
7. Duesbery NS, Webb CP, Leppla SH, Gordon VM, Klimpel KR, et al. (1998)
Proteolytic inactivation of MAP-kinase-kinase by anthrax lethal factor. Science
280: 734–737.
8. Bradley KA, Mogridge J, Mourez M, Collier RJ, Young JA (2001) Identification
of the cellular receptor for anthrax toxin. Nature 414: 225–229.
9. Scobie HM, Rainey GJ, Bradley KA, Young JA (2003) Human capillary
morphogenesis protein 2 functions as an anthrax toxin receptor. Proc Natl Acad
Sci U S A 100: 5170–5174.
10. Liu S, Crown D, Miller-Randolph S, Moayeri M, Wang H, et al. (2009)
Capillary morphogenesis protein-2 is the major receptor mediating lethality of
anthrax toxin in vivo. Proc Natl Acad Sci U S A 106: 12424–12429.
11. Bell SE, Mavila A, Salazar R, Bayless KJ, Kanagala S, et al. (2001) Differential
gene expression during capillary morphogenesis in 3D collagen matrices:
regulated expression of genes involved in basement membrane matrix assembly,
cell cycle progression, cellular differentiation and G-protein signaling. J Cell Sci
114: 2755–2773.
12. Hotchkiss KA, Basile CM, Spring SC, Bonuccelli G, Lisanti MP, et al. (2005)
TEM8 expression stimulates endothelial cell adhesion and migration by
regulating cell-matrix interactions on collagen. Exp Cell Res 305: 133–144.
13. Bonuccelli G, Sotgia F, Frank PG, Williams TM, de Almeida CJ, et al. (2005)
ATR/TEM8 is highly expressed in epithelial cells lining Bacillus anthracis’ three
sites of entry: implications for the pathogenesis of anthrax infection. Am J Physiol
Cell Physiol 288: C1402–1410.
14. Dowling O, Difeo A, Ramirez MC, Tukel T, Narla G, et al. (2003) Mutations
in capillary morphogenesis gene-2 result in the allelic disorders juvenile
hyaline fibromatosis and infantile systemic hyalinosis. Am J Hum Genet 73:
957–966.
1 5 .H a n k sS ,A d a m sS ,D o u g l a sJ ,A r b o u rL ,A t h e r t o nD J ,e ta l .( 2 0 0 3 )
Mutations in the gene encoding capillary morphogenesis protein 2 cause
juvenile hyaline fibromatosis and infantile systemic hyalinosis. Am J Hum
Genet 73: 791–800.
16. Lee JY, Tsai YM, Chao SC, Tu YF (2005) Capillary morphogenesis gene-2
mutation in infantile systemic hyalinosis: ultrastructural study and mutation
analysis in a Taiwanese infant. Clin Exp Dermatol 30: 176–179.
17. Antaya RJ, Cajaiba MM, Madri J, Lopez MA, Ramirez MC, et al. (2007)
Juvenile hyaline fibromatosis and infantile systemic hyalinosis overlap associated
with a novel mutation in capillary morphogenesis protein-2 gene.
Am J Dermatopathol 29: 99–103.
18. Lacy DB, Wigelsworth DJ, Melnyk RA, Harrison SC, Collier RJ (2004)
Structure of heptameric protective antigen bound to an anthrax toxin receptor: a
role for receptor in pH-dependent pore formation. Proc Natl Acad Sci U S A
101: 13147–13151.
19. Lacy DB, Wigelsworth DJ, Scobie HM, Young JA, Collier RJ (2004) Crystal
structure of the von Willebrand factor A domain of human capillary
morphogenesis protein 2: an anthrax toxin receptor. Proc Natl Acad Sci U S A
101: 6367–6372.
20. Wigelsworth DJ, Krantz BA, Christensen KA, Lacy DB, Juris SJ, et al. (2004)
Binding stoichiometry and kinetics of the interaction of a human anthrax toxin
receptor, CMG2, with protective antigen. J Biol Chem 279: 23349–23356.
21. Petosa C, Collier RJ, Klimpel KR, Leppla SH, Liddington RC (1997) Crystal
structure of the anthrax toxin protective antigen. Nature 385: 833–838.
22. Rainey GJ, Wigelsworth DJ, Ryan PL, Scobie HM, Collier RJ, et al. (2005)
Receptor-specific requirements for anthrax toxin delivery into cells. Proc Natl
Acad Sci U S A 102: 13278–13283.
23. Wolfe JT, Krantz BA, Rainey GJ, Young JA, Collier RJ (2005) Whole-cell
voltage clamp measurements of anthrax toxin pore current. J Biol Chem 280:
39417–39422.
24. Sun J, Vernier G, Wigelsworth DJ, Collier RJ (2007) Insertion of anthrax
protective antigen into liposomal membranes: effects of a receptor. J Biol Chem
282: 1059–1065.
25. Sun J, Lang AE, Aktories K, Collier RJ (2008) Phenylalanine-427 of anthrax
protective antigen functions in both pore formation and protein translocation.
Proc Natl Acad Sci U S A 105: 4346–4351.
26. Wesche J, Elliott JL, Falnes PO, Olsnes S, Collier RJ (1998) Characterization of
membrane translocation by anthrax protective antigen. Biochemistry 37:
15737–15746.
27. Milne JC, Furlong D, Hanna PC, Wall JS, Collier RJ (1994) Anthrax protective
antigen forms oligomers during intoxication of mammalian cells. J Biol Chem
269: 20607–20612.
28. Miller CJ, Elliott JL, Collier RJ (1999) Anthrax protective antigen: prepore-to-
pore conversion. Biochemistry 38: 10432–10441.
29. Sellman BR, Mourez M, Collier RJ (2001) Dominant-negative mutants of a
toxin subunit: an approach to therapy of anthrax. Science 292: 695–697.
30. Sellman BR, Nassi S, Collier RJ (2001) Point mutations in anthrax protective
antigen that block translocation. J Biol Chem 276: 8371–8376.
31. Mourez M, Yan M, Lacy DB, Dillon L, Bentsen L, et al. (2003) Mapping
dominant-negative mutations of anthrax protective antigen by scanning
mutagenesis. Proc Natl Acad Sci U S A 100: 13803–13808.
32. Yan M, Collier RJ (2003) Characterization of dominant-negative forms of
anthrax protective antigen. Mol Med 9: 46–51.
33. Austin CD, Wen X, Gazzard L, Nelson C, Scheller RH, et al. (2005) Oxidizing
potential of endosomes and lysosomes limits intracellular cleavage of disulfide-
based antibody-drug conjugates. Proc Natl Acad Sci U S A 102: 17987–17992.
34. Yang J, Chen H, Vlahov IR, Cheng JX, Low PS (2006) Evaluation of disulfide
reduction during receptor-mediated endocytosis by using FRET imaging. Proc
Natl Acad Sci U S A 103: 13872–13877.
Anthrax Toxin Receptor
PLoS ONE | www.plosone.org 8 May 2010 | Volume 5 | Issue 5 | e1055335. van der Goot G, Young JA (2009) Receptors of anthrax toxin and cell entry. Mol
Aspects Med 30: 406–412.
36. Ha SD, Ham B, Mogridge J, Saftig P, Lin S, et al. (2009) Cathepsin B-mediated
autophagy flux facilitates the anthrax toxin receptor 2-mediated delivery of
anthrax lethal factor into the cytoplasm. J Biol Chem.
Anthrax Toxin Receptor
PLoS ONE | www.plosone.org 9 May 2010 | Volume 5 | Issue 5 | e10553